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Abstract: This study presents the ﬁndings of an empirical channel characterisation for an ultra-wideband off-body optic ﬁbre-fed
multiple-antenna array within an ofﬁce and corridor environment. The results show that for received power experiments, the ofﬁce
and corridor were best modelled by lognormal and Rician distributions, respectively [for both line of sight (LOS) and non-LOS
(NLOS) scenarios]. In the ofﬁce, LOS measurements for tmean and tRMS were both described by the Normal distribution for all
channels, whereas NLOS measurements for tmean and tRMS were Nakagami and Weibull distributed, respectively. For the corridor
measurements, LOS for tmean and tRMS were either Nakagami or normally distributed for all channels, with NLOS measurements
for tmean and tRMS being Nakagami and normally distributed, respectively. This work also shows that achievable diversity gain
was inﬂuenced by both mutual coupling and cross-correlation co-efﬁcients. Although the best diversity gains were 1.8 dB for
three-channel selective diversity combining, the authors present recommendations for improving these results.1 Introduction
The use of multiple-antenna technology to achieve
performance improvements such as increased bandwidth,
throughput, diversity gain, is increasing in popularity [1].
However, in body-centric applications the nature of the
wearable array topology is such that the user’s body
inﬂuence can lead to higher levels of antenna-to-antenna
interactions and for most scenarios the number of antennas
and the maximum element spacing is restricted by the
physical size of the wearer [2]. It is predicted that future
technology developments will lead to dramatic increases in
body-worn communication devices [3, 4]. Thus, it is
essential to understand the ultra-wideband (UWB) radio
propagation channel for particular environments and
antenna topologies by undertaking characterisation of the
radio channel.
UWB is a technology developed to transfer large amounts
of data wirelessly over short distances (typically < 10 m),
operating by transmitting signals over a very wide spectrum
of frequencies [5] and very low-power spectral density,
making it ideal for short-range high-speed personal area and
body area networks (BANs) [6]. UWB systems inherently
exhibit less fading than their narrowband counterparts
because of short pulse length UWB transmissions, making
signals more robust to multipath fading [7, 8]. One of the
key goals of multiple-antenna technology is to achieve a
diversity gain over single-channel equivalents, with
diversity effectiveness of multiple-antenna systems beingIET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565dependent on the richness of the scattering environment and
the fading characteristics of the channel [9]. Multiple-
antenna technology is traditionally used for narrowband
systems to alleviate the effects of multipath fading [10].
UWB already has inbuilt frequency diversity because of its
large bandwidth; however, spatial diversity offers improved
radiation capture through spatial arrangement of multiple
antennas [7].
Multiple-antenna UWB systems having been trialled
successfully for non-body-worn applications [10, 11] and
results show increases in link robustness [12, 13]. There
have been a small number of researchers exploring the area
of multiple-antenna UWB systems for wireless personal
area networks including Farserotu et al. [9], Al-Qaraawy
and Ali [14] and Dong et al. [15]. However, none of the
work to date has addressed the issue of body-mounted
UWB multiple antennas for the off-body links required for
personal area networks, despite it being fundamental to the
development of many systems including backhaul and
connectivity support for BANs. Furthermore, all of the
research to date was based on radiofrequency (RF) cable
measurements for the body-centric antenna array and many
used static frequency-domain measurements, which fail to
facilitate real-time capture of dynamic natural user movements.
For the ﬁrst time, this paper investigates off-body UWB
channels for a body-centric ﬁbre optic-fed multi-antenna
transmitter and a wall-mounted base station in an ofﬁce and
corridor environment, and also investigates mutual coupling
effects on received power and diversity gain when antennas61
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are mounted on the human body and selective diversity
channel combination techniques are employed, offering
mathematical modelling in each case.
This work utilises empirical data collection, which has
advantages over computer simulation (such as ray tracing).
Simulations, while being a very useful tool in channel
characterisation, cannot faithfully capture the natural
movements of the human body for body-centric mobile
radio systems. Furthermore, simulation accuracy is
dependent on the quality of the model (permittivity values,
speciﬁcation of geometry) and the nature of the
assumptions made on the electromagnetic side.
The remainder of the paper is structured as follows. Section
2 outlines the measurement system and the measurement
procedure and methodology. Received signal characteristics
and delay statistics are presented in Section 3. The paper
concludes with a discussion of the results obtained and
some brief recommendations for further work.
2 Experimental procedure
2.1 Measurement system
For body-centric UWB communications, uncontrollable events
such as shadowing from the torso, moving limbs, changes in
orientation and pedestrians in close proximity will all serve to
create temporal variation in both received power and delay
characteristics. Therefore it is important to perform dynamic
measurements that incorporate typical operating conditions
such as natural walking movements, including swinging arms,
torso rotation and so on. As fully synchronised time-domain
multiple-antenna sounders are very expensive to implement
[16], the most popular multiple-antenna sounding technique62
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single channel sounder in conjunction with a sequentially
switched antenna array [18]. This system sequentially
measures the complex single-in single-out impulse responses
between all the combinations of the transmitters and receivers,
and the combination of these SISO impulse responses give
the complex multiple-antenna system impulse response [19].
A multiple-antenna measurement system was implemented
as shown in Fig. 1a. The UWB source was a PulsON P210
system [www.timedomain.com] and was fed into an RF/
optical link [http://www.miteq.com] [http://www.linphotonic.
com/documents/Datasheets/miniPR.pdf], implemented to
reduce measurement errors induced through the movement of
RF reﬂective cabling used to feed the body-centric antennas
which naturally move during dynamic testing, as reported in
[20]. The UWB source had a centre frequency of 4.7 GHz,
bandwidth of 3.2 GHz and launch power of −12 dBm.
When the optical signal was converted into an RF signal, it
was then fed into a broadband SP4T high-speed switch
(HMC345LP3) [http:// www.hittite.com/content/documents/
data_sheet/hmc345lp3.pdf] and time-interleaved to three
vertically-polarised UWB transmit antennas (Fractus, UM-
FR05-S1-P-0-107 [http://www.fractus.com/main/fractus/srw_
3.1/]), with the fourth RF port having a 50 Ω load to enable
an accurate time reference by providing a notch in the
received time series.
The transmit time on each channel was 10 ms, with a full
cycle through all four channels lasting for 40 ms with a
switching speed between channels of 50 ns. A PulsON
receive station received the transmitted packets with a
vertically polarised PulsON P200 Broadspec UWB antenna
[http://www.timedomain.com] with the antenna orientated
broadside towards the user. Data were then transferred to aFig. 1 UWB transmitter
a Transmitter block diagram
b Body-worn optical measurement system (photograph re-touched for clarity)
c Measured azimuthal radiation patterns for chest-mounted array (recorded mid-band at 4.7 GHz)IET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
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laptop for storage. The propagation channel was sampled at a
rate of 100 scans per second, thus each channel was sampled
at 25 Hz (the Doppler frequency for such a mobile transmitter
is 10 Hz). A frequency-domain technique was employed to
de-convolve the measurement systems from the received
signal, leaving only the transfer function of the propagation
channel. This required the recording of a reference
measurement within an RF anechoic chamber.
During testing, the PulsON UWB signal source and the RF/
optical converter were carried in a waist-mounted rear facing
holster. The miniature optical receiver (optical to RF
converter), timer and the RF channel switch were housed in
a small plastic enclosure, mounted on the user’s chest and
had its own miniature power supply.
2.1.1 Antenna separation distance: Both the spatial
diversity gain and the correlation between channels of a
multiple-antenna system is a function of the antenna
separation distance, with correlation generally decreasing as
the separation distance increases [21]. A theoretical
relationship between spatial correlation and spatial antenna
spacing is described by [22]
r(d) = J 2o (2pd/l) (1)
where d is the antenna separation and λ is wavelength (m), Jo
is a Bessel function of the ﬁrst kind of zeroth order. Although
large spacing is required to ensure low correlation, for a
body-centric application it is often more desirable to have a
rectangular geometrical antenna array. It is recommended
[23] that two signals are suitably de-correlated if their
cross-correlation coefﬁcient (CCC) is of a factor 0.7 or less,
allowing maximum theoretical diversity gain to be achieved
[24]. To ensure channel correlation is suitably low across
the UWB frequency range, antenna separation of > 10 cm
(one wavelength) will be required [25]. However, work in
[25] was undertaken for isolated antennas; no equivalent
recommendation for body-centric antennas has been clearly
speciﬁed in literature. Body-worn systems introduce
physical limitations to the antenna spacing because of
human body geometry [9]. The UWB antennas were thus
arranged as depicted in Fig. 1b.
For the transmitter antenna array, the physical positioning
of the other antennas in the array will affect the azimuthal
radiation pattern of individual antennas. The measured
patterns for the isolated antennas displayed an almost
isotropic azimuthal radiation pattern (not shown).
The chest-mounted antenna array (Fig. 1c) highlights theIET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565effects of mounting antennas onto the human body, with
around 13 dB losses in parts of the radiation pattern.
2.2 Experimental indoor environments
Owing to the dependence on geometry and construction
material, the measurements were undertaken in
environments that covered popular and commonly
researched indoor multipath environments [26–28]. Two
environments were selected; ﬁrstly a 260 m2 (21 m × 1.3 m)
corridor (Fig. 2a) situated on the ﬁfth ﬂoor of Block 1 of
the University of Ulster (Jordanstown) building, as
previously implemented by Ziri-Castro et al. [29]. The
second location was a 42 m2 (7 m × 6 m) open-plan modern
ofﬁce (Fig. 2b), also on the ﬁfth ﬂoor of the same building,
as utilised by Catherwood and Scanlon [20].
2.3 Measurement procedure
Tests were subdivided into two categories for each
environment: line of sight (LOS) or non-LOS (NLOS),
depending on the orientation of the worn antennas with
respect to the receive antenna. The base station receiver was
positioned at a height of 2 m from the ground for both
environments, with their position shown in Figs. 2a and b.
The wearable transmitting antenna array was positioned on
the user’s chest (1.4 m above ﬂoor level) and held against
the body using an adjustable synthetic elastic cuff to
minimise body–antenna separation during testing, as
previously implemented by Fort et al [30]. The test user
was an adult male of mass 82 kg and height 1.78 m. To
minimise spurious reﬂections all metal objects such as belts,
jewellery and coinage were removed from the subject. LOS
tests were conducted with the user (and transmitting array)
directly facing the Rx antenna and NLOS completed 180°
from the LOS position (directly facing away). Tests were
conducted in the ofﬁce environment for a linear path from 8
to 2 m Tx–Rx separation (LOS) with the transmitter moving
at 0.5 m/s, and then for a return journey (NLOS) using the
same walking speed and path. In the corridor, a linear path
from 10 to 2 m Tx–Rx separation (LOS) was traversed with
the mobile transmitter moving at a linear speed of 0.5 m/s,
and the return journey (NLOS) also conducted.
3 Experimental results
To facilitate an in-depth investigation of body-centric UWB
multiple antennas, the power and delay statistics of theFig. 2 Measurements environments
a Ofﬁce block corridor
b Open plan ofﬁce63
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received signals were studied to analyse each multiple-
antenna channel in turn. In addition, the receive diversity
gains for a selective diversity scheme were evaluated. Mean
delay (tmean, the ﬁrst central moment of the power delay
proﬁle) and root-mean-square (RMS) delay spread (tRMS,
the average propagation delay relative to the ﬁrst-arriving
signal component) are instrumental in describing wideband
fading [31]. The total received wideband power can be
determined by the sum of the squares of all the amplitudes
in the PDP [32]. To prevent noise from affecting calculated
delay statistics, a threshold was incorporated into the signal
processing software to give most accurate results for tmean
and tRMS values, as reported by Wong et al. [33].
3.1 Received power tests
Measurements were ﬁrst taken for the antenna array mounted
on a wooden stand positioned at a height of 1.4 m from the
ﬂoor and a distance of 3.2 m from the receive antenna.
Each measurement was recorded over a 5 s period (500
distinct PDPs), and then the power and delay results were
averaged over this time.
The results in Table 1 show that the three antennas had
similar power and delay values, with variation because of
the antenna positioning in the array. The powers in the
ofﬁce were higher than for the corridor, and the values for
both mean delay and RMS delay spreads were less for the
ofﬁce than the corridor.
To mathematically describe the channel parameters, for
each scenario the maximum likelihood (ML) estimates of
received UWB signal amplitude were calculated for popular
statistical distributions and the Akaike information criterion
(AIC) was used to select the closest ﬁtting distribution.
Table 1 Received power and delay statistics for the isolated
antenna array (LOS)
Channel
1 2 3
office power, dBm −65.2 −64.9 −65.7
tmean, ns 16.9 15.8 16.3
tRMS, ns 22.1 21.4 23.1
corridor power, dBm −68.3 −67.9 −69.2
tmean, ns 24.7 24.5 25.2
tRMS, ns 31.8 31.4 32.364
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that all three channel distributions are described by the
lognormal distribution, as predicted by Chong et al. [34],
with reasonably similar statistical parameters. All three
channel distributions for the corridor-received power
measurements are described by the Rician distribution. Rice
has been traditionally considered for LOS arrangements
because of a dominant component, but NLOS was also
Rician in this situation because of high wave guiding of
radiated power along the corridor (possibly a reﬂection of
the dominant ray off the opposite end of the corridor).
Analysis of Fig. 3a depicts that each of the three channels
displays similar power loss characteristics for the LOS ofﬁce
journey. For NLOS ofﬁce environment (Fig. 3b) it is observed
that two of the three channels had similar shadowing
characteristics, whereas one channel experienced more
power loss (channel 1). For the LOS corridor journey
(Fig 3c), channel 2 had less power loss than channels 1 or
3. For the NLOS corridor conﬁguration (Fig. 3d ), channel 3
had the least and channel 1 had the most power loss. Also,
the NLOS results displayed a larger range than LOS results
for all channels.
3.2 Time delay
3.2.1 Mean delay and standard deviation:
Examination of Fig. 4 reveals ﬁrst that tmean and tRMS LOS
delays were less than tmean and tRMS NLOS delays, and
tmean and tRMS delays in the ofﬁce were less than tmean and
tRMS delays in the corridor. This is because LOS scenarios
have less shadowing and reﬂection than NLOS; also the
ofﬁce had a lower reﬂection order than the corridor.
Furthermore, standard deviation for LOS was generally less
than NLOS in both environments for tmean and tRMS and
standard deviation for ofﬁce is less than for corridor. This
was again because of higher reﬂections in the corridor
environments and increased NLOS shadowing because of
human body movement.
3.2.2 Time-delay cumulative distribution functions:
ML estimates and the AIC were again used to select the
closest ﬁtting distribution. In the ofﬁce, LOS measurements
for tmean and tRMS were both described by the Normal
distribution for each of the three channels, and NLOS
measurements for tmean and tRMS were modelled by the
Nakagami and Weibull distributions, respectively, for all
three channels (Table 3). For the corridor measurements,Table 2 Received power results for the body-worn antenna array and statistical parameters
Received power, dBm Signal range, dB Distribution Statistical parameters
µ σ
Est. Std. Err. Est. Std. Err.
office 1 LOS −61.7 5.2 lognormal −0.00046 0.00106 0.01056 0.00075
NLOS −74.6 10.8 lognormal −0.00013 0.00082 0.01354 0.00058
2 LOS −61 5.8 lognormal 0.00012 0.00105 0.01045 0.00074
NLOS −76.4 9.4 lognormal −0.00036 0.00138 0.02274 0.00098
3 LOS −62.6 5.4 lognormal −0.00048 0.00121 0.01215 0.00087
NLOS −74.2 8.8 lognormal −0.00055 0.00131 0.02149 0.00093
corridor 1 LOS −64.4 13.5 Rician s = 1.0002 s = 0.0012 0.01545 0.00086
NLOS −72.6 15.1 Rician s = 0.9980 s = 0.0004 0.01635 0.00028
2 , LOS −62.9 8.6 Rician s = 1.0008 s = 0.0012 0.01526 0.00085
NLOS −73.7 15.3 Rician s = 0.9973 s = 0.0006 0.0237 0.0004
3 LOS −63.5 11.3 Rician s = 1.0008 s = 0.0012 0.01506 0.00084
NLOS −72.8 14.2 Rician s = 0.9990 s = 0.0006 0.02656 0.00045IET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565
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a Ofﬁce LOS
b Ofﬁce NLOS
c Corridor LOS
d Corridor NLOS
Distribution parameters are provided in Table 2LOS for tmean and tRMS were both described by the Normal
distribution for all three channels, except for the tmean
measurement for channel 3, which was Nakagami
distributed (Table 3). On this occasion, there were only
small differences between the Nakagami and Normal
distributions; however, the Nakagami offered a marginally
Fig. 4 Mean delay values and standard deviation (tmean and tRMS
values for isolated antenna shown as horizontal lines)IET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565better ﬁt, as prescribed by the AIC criterion. NLOS
measurements for tmean and tRMS were modelled by the
Nakagami and Normal distributions, respectively, for each
of the three channels.
An analysis of the cumulative distribution functions
(CDFs) for tmean and tRMS for the two environments in LOS
and NLOS conﬁgurations was undertaken (Figs. 5a–h). It
was observed that for the ofﬁce all three channels had
similar tmean and tRMS values for LOS (Figs. 5a and b),
with little difference between the distributions over the LOS
journey. For NLOS all three channels had similar tmean and
tRMS values with a slight spread in distributions observable
(Figs. 5c and d ).
For the LOS distribution in the corridor (Figs. 5e and f ),
the distributions of the three channels were slightly spread
but had similar shape to each other for both tmean and tRMS
values. For the NLOS distributions for the corridor
(Figs. 5g and h), the three channels were notably spaced for
both tmean and tRMS values; also tmean and tRMS values for
NLOS were larger than LOS for both environments and
delays for corridor were larger than for ofﬁce for both tmean
and tRMS delay parameters.
In summary, the delay parameters of the distributions of the
individual channels were similar for LOS scenarios and for
the ofﬁce environment. However, for the corridor and
particularly for the corridor NLOS arrangement the65
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Table 3 Time-delay statistical parameters
Time Distribution µ σ
Est. Std. Err. Est. Std. Err.
office 1 LOS tmean, ns normal 15.4 0.1 1.4 0.1
tRMS, ns normal 20.7 0.1 1.4 0.1
NLOS tmean, ns Nakagami 18.8 — 8.9 × 10−16 —
tRMS, ns Weibull a = 41.4 a = 0.2 b = 12.5 b = 0.6
2 LOS tmean, ns normal 15.1 0.2 1.7 0.1
tRMS, ns normal 20.3 0.1 1.5 0.1
NLOS tmean, ns Nakagami 13.1 — 9.0 × 10−16 —
tRMS, ns Weibull a = 41.6 a = 0.3 b = 8.8 b = 0.4
3 LOS tmean, ns normal 15.4 0.2 1.9 0.1
tRMS, ns normal 20.7 0.2 2.1 0.1
NLOS tmean, ns Nakagami 21.2 — 8.7 × 10−16 —
tRMS, ns Weibull a = 40.4 a = 0.2 b = 12.1 b = 0.6
corridor 1 LOS tmean, ns normal 23.2 0.2 3.1 0.2
tRMS, ns normal 28.4 0.2 2.6 0.1
NLOS tmean, ns Nakagami 7.2 — 8.3 × 10−16 —
tRMS, ns normal 42.8 0.1 5.5 0.1
2 LOS tmean, ns normal 18.9 0.2 2.8 0.2
tRMS, ns normal 26.0 0.2 2.5 0.1
NLOS tmean, ns Nakagami 9.7 — 1.2 × 10−15 —
tRMS, ns normal 47.7 0.2 4.9 0.1
3 LOS tmean, ns Nakagami 21.4 0.2 3.1 0.2
tRMS, ns normal 27.2 0.2 2.2 0.1
NLOS tmean, ns Nakagami 5.9 — 1.1 × 10−15 —
tRMS, ns normal 46.0 0.2 6.4 0.1channels experienced differing delays, although they were
still modelled by the same distributions with mostly
differing parameters.
3.3 Antenna mutual coupling, channel
cross-correlation and antenna spatial diversity
Diversity schemes can play a key role in addressing fading
and shadowing effects in the indoor radio environment; one
such popular scheme is spatial diversity. In addition, there
are a number of received signal combining methods which
may be used to improve the signal-to-noise ratio (SNR) at
the output stage of the receiver. One of the most widely
used and simplistic combining techniques is selection
diversity, which uses selection of the channel with the
highest instantaneous SNR [35]. Khaleghi [36] highlights
diversity gain as the key performance factor characterising a
diversity system, with performance depending on antenna
de-correlation [37].
3.3.1 Investigation of the effects of antenna mutual
coupling: Measurement of mutual coupling of the
antennas in the body-worn array can assist in a better
understanding of variations in the results of what are
essentially similar antenna systems. Table 1 and Fig. 4
highlight the small degree of variation of power and delay
for non-body-worn against body-worn antennas over a
typical dynamic path. Mutual coupling between the
elements is likely to affect any measured results. Mutual
coupling was evaluated in an anechoic chamber using a
vector network analyser (Rohde and Schwarz ZVB-8) and
measured at the central frequency of the UWB system (4.7
GHz). These results were recorded for the antenna array
mounted on the chest, and also for an isolated scenario.
Observing Fig. 6a, channel 3 experiences mutual coupling
effects from antenna 1 below it and antenna 2 to the side.
The other two antennas will have less mutual coupling
effect because of the diagonal arrangement of antennas 1
and 2. It is also noted that the human body reduces mutual66
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is isolated from the body.
3.3.2 Channel cross-correlation and antenna spatial
diversity: Cross-correlation is a measure of similarity
between channels. For a diversity scheme to be effective,
each antenna element should receive statistically
independent versions of the transmitted signal [38]. The
envelope CCC, ρc, between the fading envelopes (branch 1)
r1 and (branch 2) r2 consisting of N samples may be
represented by
rc =
∑N
i=1 r1(i)− r1
[ ]
r2(i)− r2
[ ]
∑N
i=1 r1(i)− r1
[ ]2
r2(i)− r2
[ ]2 (2)
where i is the instantaneous sample value, r1 and r2 are the
respective means of the signal envelopes [39]. It is also
possible to consider the reciprocity of the channels, where
transmitters and receiver can have their positions reversed
with the channel transfer function remaining the same, as
conﬁrmed by Dong et al. [15] and Qiu et al. [40]. Hence,
there is the opportunity to examine the potential beneﬁts of
employing receive diversity (assuming three receivers on
body and the transmitting base station) and also investigate
the effects of having antennas close together in a
rectangular body-centric package.
Observing Fig. 6b, it is ﬁrst highlighted that all of the
envelope CCCs for the UWB channels in the ofﬁce and
corridor environments were < 0.7, the target threshold
recommended by Jakes [23]. In addition, it can be seen that
the CCCs for LOS were higher than for NLOS
arrangements in both environments, as NLOS relies on
multipath propagation, which reduces channel correlation
[9, 41]. LOS has a more direct path and as such, correlation
is higher as neighbouring channels are more likely to
experience similar propagation journeys.
From these results, there appears a clear trend between
relative antenna location and the channel correlation values.IET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
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a Ofﬁce LOS mean
b Ofﬁce LOS RMS
c Ofﬁce NLOS mean
d Ofﬁce NLOS RMS
e Corridor LOS mean
f Corridor LOS RMS
g Corridor NLOS mean
h Corridor NLOS RMSIET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70 67
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a Values (in dB) of mutual coupling for a chest-worn array measured in an anechoic chamber (isolated array values shown in brackets)
b Cross-correlation coefﬁcient for each channel combinationAntennas 1 and 2 are diagonally positioned, possibly keeping
the CCC to a lower level.
3.3.3 Statistical parameters for combining of
signals: ML estimates of the combined received signal
statistical parameters and the AIC were used to select the
closest ﬁtting distribution. Observing Table 2, each of the
three channel distributions for the ofﬁce environment was
described by the lognormal distribution, agreeing with
results attained by Chong et al. [34]. After combining
various two-channel computations using selection diversity,
all resultant combined signals remained best described by
the lognormal distribution (Table 4). Indeed, combining all
three channels using selection diversity resulted in the new
signal also being best described by the lognormal
distribution (Table 4).
Table 2 highlighted that the channels for the corridor
measurements were individually described by the Rician
distribution. However, after combining two branches, all
resultant signals were now described by the lognormal
distribution [except the NLOS channels 1 and 2
combination which is still described by the Rician
distribution (Table 4)]. Further combining of all three
branches resulted in the signal being described by the68
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corridor show that use of combining techniques can change
the best ﬁt statistical distribution model for the resultant
received signal envelope. The purpose of spatial diversity is
to improve overall SNR by reducing the occurrence of
signiﬁcant fading events for a particular link. Therefore it is
entirely likely that this reduction in occurrence of low
signal levels in the combined envelope results in changes in
statistical parameters [42], to the point that the resultant is
best described by a different statistical model.
Diversity gain was calculated at 90% wideband signal
reliability, as per [39]. Observation of Table 5 shows the
90% signal reliability power levels for the single channels
in the LOS ofﬁce scenario were all approximately similar.
Two- and three-channel diversity results showed some
advantage over the signal fading characteristics of the single
channels. A similar trend in results was seen for the NLOS
ofﬁce measurements. All diversity gains are referenced with
respect to the received power on the highest powered
channel in the combination.
The 90% signal reliability power levels for the single
channels in the LOS corridor scenario had some variations.
Interestingly, the 90% signal reliability levels for two- and
three-channel combining were similar to the 90% signalTable 4 Statistical parameters for antenna diversity
Average power, dBm Distribution Statistical parameters
µ ∑
Est. Std. Err. Est. Std. Err.
office 1 and 2 LOS −60.7 lognormal 0.00551 0.00094 0.00941 0.00067
NLOS −72.3 lognormal 0.00871 0.00102 0.01674 0.00072
1 and 3 LOS −61.6 lognormal 0.00440 0.00102 0.01024 0.00073
NLOS −73.5 lognormal 0.00674 0.00104 0.01709 0.00074
2 and 3 LOS −61.0 lognormal 0.00673 0.00095 0.00949 0.00068
NLOS −74.2 lognormal 0.00858 0.00131 0.02155 0.00093
1, 2 and 3 LOS −60.7 lognormal 0.00836 0.00094 0.00936 0.00067
NLOS −73.4 lognormal 0.01281 0.00111 0.01824 0.00079
corridor 1 and 2 LOS −62.6 lognormal 0.00765 0.00111 0.01406 0.00079
NLOS −72.1 Rician s = 1.00858 s = 0.00044 0.01809 0.00031
1 and 3 LOS −63.3 lognormal 0.00733 0.00109 0.01383 0.00077
NLOS −71.8 lognormal 0.01069 0.00046 0.01918 0.00033
2 and 3 LOS −62.3 lognormal 0.00964 0.00097 0.01232 0.00069
NLOS −72.1 lognormal 0.01288 0.00051 0.02114 0.00036
1, 2 and 3 LOS −62.2 lognormal 0.01212 0.00101 0.01283 0.00072
NLOS −71.5 lognormal 0.01700 0.00044 0.01829 0.00031IET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565
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Table 5 Received power at 90% signal reliability for single antennas and two- and three-branch antenna arrays
Received power, dBm Power after combination, dBm
1 2 3 1 and 2 1 and 3 2 and 3 1 and 2 and 3
office LOS 90% −63.2 −62.9 −64 −62.4 −62.9 −62.3 −62.2
NLOS 90% −78.2 −79.1 −76.2 −76.9 −75.8 −76.1 −75.8
corridor LOS 90% −68.2 −64.7 −66.7 −64.7 −66.7 −64.7 −64.7
NLOS 90% −77.4 −78.8 −77.1 −76.3 −76.3 −76.3 −75.3reliability levels for channel 2 before selection diversity
techniques were employed. For the NLOS ofﬁce
measurements, it was observed that the single channels are
similar to each other and two-channel diversity increased
the 90% signal reliability level by 1 dB, and three-channel
diversity raised it by another 1 dB.
Overall, for both environments it was found that diversity
gain was greater for NLOS conﬁgurations than for LOS
arrangements, because of high shadowing effects increasing
diversity of the channel paths. Gesbert and Akhtar [41]
advise that for strong transmit correlations or high Rician
factors (LOS), the capacity of the multiple-antenna system
will essentially become similar to that of a single antenna
system. With reference to Fig. 6a and Table 5, it is clearly
observed that for each environment and LOS/NLOS
conﬁguration there is a general correlation between higher
values of CCC and lower diversity gains, with the converse
also being true, as supported by Farserotu et al. [9].
4 Discussion
The presented channel characterisation results cover various
combinations and permutations of the two environments
(medium multipath rooms and corridors) and LOS/NLOS
conﬁgurations. Although these scenarios and their
associated channel models may not be applicable to larger
indoor environments such as conference halls, or where a
high density of pedestrians exist, they do represent a
reasonable range of conditions relevant to indoor
body-centric UWB applications.
4.1 Power
The results showed that the received power is mostly affected
by body shadowing. Comparison between the two
environments showed that mean received power in the
corridor was less than the ofﬁce for LOS scenarios, but
greater for NLOS scenarios. Also, the difference between
the average LOS and NLOS received power was found to
be less in the corridor, typically because of the lack of
furniture to scatter the radio waves in the corridor and also
the corridor’s tendency to act as a waveguide [43].
However, the range of received power in the corridor was
greater than for the ofﬁce because of the greater number of
reﬂections in the corridor environment. It was generally
found that channel 3 had higher received powers and
channel 1 had lower powers. Channel 3 was positioned on
the top right-hand side of the array (as per Fig. 2) and thus
mutual coupling from antennas 1 and 2 affected channel 3’s
received power at low signal levels.
4.2 Delay
It was seen that the presence of the body in close proximity to
the antenna array increased both tmean and tRMS comparedIET Microw. Antennas Propag., 2013, Vol. 7, Iss. 1, pp. 61–70
doi: 10.1049/iet-map.2011.0565with the isolated antenna, because of increased scattering
and reﬂection from the body, particularly because of
moving limbs. LOS delays (both tmean and tRMS) were less
than those for NLOS, because body shadowing causes the
launched signal to rely on reﬂection and scattering to reach
the receiver, and thus multiple delay paths. The ofﬁce
delays (tmean and tRMS) were less than for the corridor, as
corridors have high-order reﬂectivity modes which cause
increased delay spreads. Standard deviation of delay was
also highest for the NLOS corridor set-up because of
increased shadowing because of limb movement in a
narrow corridor and the corridor’s high-order reﬂectivity
modes increasing the signal spread [24].
4.3 Antenna coupling and signal combining
In the ofﬁce, all the received power distributions were
modelled by the lognormal distribution for both LOS and
NLOS and continued to be described by this distribution
after channel combining techniques were used. However,
when spatial diversity techniques and channel combining
strategies were employed in the corridor, statistical
distributions mostly changed from Rician to lognormal. It
was also discovered that the best diversity gains of 1.3 dB
for two-channel combining and 1.8 dB for three-channel
combining with respect to the highest received channel
power were achievable. These values are for NLOS
situations, where it is typically most required in practice.
When the UWB antenna array was placed on the human
body, it appears not to enjoy the same diversity gains as the
non-body-worn equivalents reported in the literature [44,
45]. However, larger antenna array spacing or repositioning
of the antennas onto the extremities (arms legs, etc.) may
yield greater diversity gains.
The use of three-antenna diversity made a notable difference
for NLOS conditions in the corridor environment. In all other
circumstances tested the extra complexity of three-antenna
diversity did not justify the added complexity.
5 Conclusion
A characterisation of an off-body transmit antenna array in an
indoor environment has been presented. As each channel in
the sounder was sampled at a rate faster than the Doppler
Nyquist frequency and for the same physical and
environmental conditions, measurements could be directly
compared. The results have underlined the differences in
LOS and NLOS conﬁgurations and for the two chosen
environments. The effects of mutual coupling on the
antenna array were highlighted. Also, combining the
received signals using selection diversity techniques altered
the shadowing distribution characteristics compared with
those for the single channels. Combining two received
channels yielded small diversity gains in the region of 1 dB,
whereas the use of three antennas instead only made a69
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notable difference for NLOS conditions in the corridor
environment. Future work will seek to improve on these
results by introducing more sophisticated array
arrangements including the use of polarisation diversity.
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